Introduction
============

Various studies showed that many different human movements seem to follow a same mathematical relationship known as the "2/3 Power Law" (Lacquaniti et al., [@B26]; Viviani and Schneider, [@B57]). So, whether the action is writing (Viviani and Cenzato, [@B55]) or walking (Vieilledent et al., [@B54]), an identical constraint relationship between the velocity and the curvature of the motor trajectory is involved. This law states that the angular velocity of the end effector is proportional to the two-thirds root of its curvature or, equivalently, that the instantaneous tangential velocity is proportional to the third root of the radius of curvature. It means that the velocity of the movement decreases in the highly curved parts of the trajectory and increases when the trajectory becomes straighter. The hand or the steps slow down near regions of high curvature presumably to ensure an accurate movement. In fact, if you ask someone to follow an elliptic path, the sectors where the curvature radius is the smallest induce the largest precision error. What is most remarkable is the correlation between these high inflection parts and the number of occurrences of ocular fixations (Reina and Schwartz, [@B42]). This observation presumes that the motor control would need a superior visual feedback to compensate the higher instantaneous complexity of the geometry of the movement.

Studies carried out on the steering behavior show that the ocular fixation on the point of maximal curvature does not only occur for the visually controlled manual guidance (Land, [@B27]; Chattington et al., [@B8]). Land and colleagues have shown that automobile drivers fixate on a similar point near the tangent of the road ahead whether they are familiar with the road (Land and Tatler, [@B31]) or not (Land and Lee, [@B28]). For example, Land and Lee ([@B28]) demonstrated that, while driving an automobile, humans invariably fixate their eyes near the point of maximum curvature, along the road ahead, approximately 1--2 s prior to reaching the curve and maintain their gaze relatively fixed on that point while bending. The reason why the driver looks toward the tangent-point of the inside curve is because of the singular optical properties of this part of the road. Indeed, at this specific point there is a reversion of one of the components of the optical flow, which maintains an identical position in the visual field for a constant curvature and, consequently, makes this location particularly relevant to stabilize the vehicle's trajectory (Kandil et al., [@B24]). A simple mathematic relationship shows that this stable cue can be used by the driver to predict the curvature of the road (Figure [1](#F1){ref-type="fig"}).

![**(A)** The tangent-point of the inside curve is visually immobile in the dynamic visual field of the observer. **(B)** When the driver's trajectory follows the bend, looking toward the tangent-point provides a prediction of the road curvature (after simplification, 1/*r* = α2/2*d*).](fpsyg-03-00239-g001){#F1}

Other studies show a similar pattern of visual anticipation over motion during the visual guidance of the human locomotion (Grasso et al., [@B14]; Hollands et al., [@B18]). Thus, when an individual completes a curvilinear movement, his/her gaze axis is rotated in relation to the walking direction in such a way that the direction of the gaze points toward the inside of the trajectory. In the same way, if the task consists in turning a corner, the subject's eyes orient to the obstacle before the walker reaches it (Grasso et al., [@B15]). The visual axis only realigns with the rest of the body once the obstacle is overcome. Therefore, the visual guidance of the locomotion seems organized according to a visuo-locomotor coupling that initiates in the cephalic organ and finishes in the pelvic members. In other words, the strategy used by the human being is not "I look where I go" but "I go where I look."

A consensual explanation for the visuo-motor anticipation over the locomotion would be that the brain, involved in a steering behavior, executes an internal model of the trajectory that anticipates the completion of the path, and not the contrary (Berthoz, [@B2]). For any visually guided actions, this model implements proactive eye movements which are crucial for planning and controlling (Land et al., [@B30]; Land and McLeod, [@B29]; Johansson et al., [@B22]). The motor bases of the visual perception are extensively studied in order to understand the capabilities of the human being to predict the ongoing actions of him/herself and conspecifics (Flanagan and Johansson, [@B12]; Friston et al., [@B13]; Springer et al., [@B51]). According to this theory, it seems that the individual uses his/her own motor repertoire to run internal sensorimotor simulations that predict the future course of executed and/or observed actions (Wilson and Knoblich, [@B60]; Schubotz, [@B48]; Sebanz and Knoblich, [@B49], for reviews).

All in all, the visuo-motor system implements a predictive coding in order to compensate the time the nervous system takes to percept, process, and respond to a stimulus in the environment. In everyday life situations such as a visual tracking of a car, for instance, it allows us to know when we can cross the road safely. If the ocular pursuit -- which is a quite slow system (less than 100°/s) -- did not make predictions on the future trajectory of dynamic artifacts, the motion of many daily stimuli, like the car, would be too fast to be tracked in real time. Actually, it is not the moving target that is tracked, but an internal simulation of the predicted trajectory of the target (Yasui and Young, [@B61]; Berthoz, [@B2]). Prediction is also crucial in catching an object in motion, such as a ball. Lacquaniti and Maioli ([@B25]) showed that such action involves an internal model, or representation, of the expected dynamic interactions during the impact, which is constructed on the basis of *a priori* knowledge and the sensorial inputs (ball and body velocity). The internal model response to the ball input is compared to the arm movement, which generates an error signal. This signal is used to update the motor control and representation. When those dynamic interactions between the ball and the limb are correctly predicted, the unfolding body movement to catch the ball will be described in terms of a smooth arm trajectory that follows the "2/3 Power Law."

Although motor representations seem clearly involved in predicting the action, there is no direct investigation about the impact of the manipulation of natural motor schemes on motion prediction. So, the present article aims to study whether the temporal organization of the action influences the predictive curvature of the upcoming trajectory. The quality of the path prediction is gaged through the analysis of the kinematic characteristics of the movement. More precisely, we used two fundamental parameters of the motion, being (i) the number of occurrences of each radius of curvature and (ii) the relationship between the speed and the curvature of the trajectories. In order to complete the study, we applied an experimental paradigm that enables us to manipulate the coupling sequence between the visual receptor and the effector organs.

Considering the fact that we cannot directly alter the head-body coordination of the human being, we worked with a mobile robotic device which is remotely controlled by the subject. In this situation, the coupling between the embarked pan-tilt camera and the mobile platform can be easily and precisely manipulated. Consequently, the data are not related to the direct recording of the human movement but actually to the performance of an individual in a condition of teleoperation. Although it is an indirect measurement, many studies on the interaction between a human operator (Rybarczyk et al., [@B44]; Cardinali et al., [@B6]; Carlson et al., [@B7]; Rybarczyk and Mestre, [@B46]) or an animal (Iriki et al., [@B19], [@B20]) and simple tools or robotic devices show evident proofs of an assimilation of the artifact in the corporal schema of the user, in a such way that the two entities become united in a single one (Maravita and Iriki, [@B33]; Rybarczyk et al., [@B45], for reviews).

Materials and Methods
=====================

The telerobotic system used in the experiment is constituted by two main components: a mobile platform and a control station (Figure [2](#F2){ref-type="fig"}). The robotic platform is equipped with a mobile camera, which enables a motion control according to the pan plan. The robot is moved by two independent steering wheels and a free wheel in front of the vehicle allowing its stability. The engines are the same type as those which equip electric wheelchairs. The optical camera's view field is 50° in the horizontal and 38° in the vertical dimension. This sensor "sends" to the operator an image of the environment in which the robot evolves, on a terminal display 23 cm in height and 31 cm in width. The whole system, engines, and sensors, is controlled by a PC embarked on the robot. This PC is connected to the computer of the control station through a TCP/IP HF connection. Client/server software architecture structures the computing part. The control interface is using the PC keyboard, through which the operator controls the direction and displacement velocity of the platform. For security reasons, the maximum speed of the robot was limited to 1 m/s.

![**Experimental configuration**. The subject is seated at the control station from which s/he can remotely control the robotic device and receive a visual feedback from the pan-tilt camera embarked on the mobile platform.](fpsyg-03-00239-g002){#F2}

Three independent groups of seven subjects carried out one of three experimental conditions of visuo-motor anticipation. The first situation is a "control" condition, in which there is no anticipation, since the camera is motionless, aligned with the orientation of the robot. In the second condition, called "non-human," the temporal organization of the visuo-locomotor coupling is reversed regarding the human natural motor scheme. Although the camera visually anticipates the platform's displacement, this anticipation is only reactive, because it depends on the orders the operator sends effectively to the mobile platform. Thus, the angular anticipation of the camera is a simple consequence of the robot's changes of direction (Figure [3](#F3){ref-type="fig"}A). The third condition is called "human-like," because the camera-platform coupling is implemented exactly according to the temporal organization of the human visuo-locomotor coupling. This means that the operator actively controls the camera orientation and, then, the direction of the robot is automatically computed following the azimuth angle of the visual referential (Figure [3](#F3){ref-type="fig"}B). In short, the difference between the experimental conditions is based on the temporal hierarchy of the visual sensor's reorientation in relation to the locomotor organs (Figure [4](#F4){ref-type="fig"}). In terms of timing, the camera deviates 1 s ahead in relation to the platform, for the "human model," whereas it deviates 1 s later, for the "non-human model."

![**(A)** Implementation of visuo-motor anticipation according to a non-human-like model. The camera's rotation angle is computed by the curve radius (*r*) of the robot's trajectory, using trigonometric laws. Here, *cos a* = (*r*(*L*/2))/*r*, where the semi-width of the robot equals *L*/2. The radius (*r*) is obtained by dividing the translation velocity by the rotation velocity of the robot. **(B)** Implementation of visuo-motor anticipation according to a human-like model. The robot's navigation angle (*S*) is defined as the difference between the angle (*a*), between the direction of the camera and the heading of the robot, and the angle (*z*), between the direction of the camera and the tangent to the orbit of safety (*R*). This angle z is calculated by using trigonometric rules in such a way that *sin z*(*t*) = *R/D*(*t*)*. D*, the distance between the robot and the landmark, is obtained by the ratio of the rate of change of the camera angle to velocity, such as *D* = (*v/*(*da/dt*)·*sin a*.](fpsyg-03-00239-g003){#F3}

![**Theoretical representation of the course, through time, of the angular orientation for the mobile platform and the camera, during a path curvature of 90°**. It is important to notice that, at an instantaneous time *t*, the camera's angle (open triangles) is always superior to the platform's angle (filled circles), whatever the model implemented -- except, of course, for the "control condition" (not represented in the figure) in which the angular position is aligned with the platform. However, the two models of anticipation differ from each other regarding the temporal hierarchy of the visuo-locomotor coupling's organization. The angular anticipation of the camera is set at *t* + 1 in relation to the platform, in the "non-human model" (dotted lines), whereas this camera's angle leads at *t* − 1 the future position of the robot, in the "human-like model" (continuous lines).](fpsyg-03-00239-g004){#F4}

In the three conditions, the subjects are placed in a teleoperated situation, i.e., they only have an indirect visual perception of the experimental environment. It is important to notice that the front part of the platform is visible from the camera's view field, in order to provide the participant with visual information about the angular rotation of the camera in relation to the robot's heading. An initial training stage is carried out by the subjects, in which they learn how to control the robot. This training lasts about 30 min. After this period, none of the participants reported having difficulty in driving the robot. The training is completed in a different experimental environment than that during the recorded experiment. In order to analyze a pure predictive behavior, which must not be contaminated by the learning environment (Péruch and Mestre, [@B38]), each subject only performs one attempt. The task consists in making the robot do a slalom course between four boundary marks (Figure [5](#F5){ref-type="fig"}). The path to be followed is always the same. The instructions given to the subjects consist in carrying out the course as fast as possible without colliding with the boundary marks. The analysis of the results is carried out according to two parameters: the smoothness (minimum jerk) of the trajectories and the relationship between the geometry and the kinematics of the robot's trajectory ("2/3 Power Law").

![**(A)** Representation of a sharp trajectory carried out by the robot during the slalom task between the four landmarks. This sharp pattern -- related to the stops that happen before the main changes in the steering trajectory -- is characteristic of a situation in which the camera is maintained fixed, pointing in the same direction of the vehicle's axis. **(B)** Representation of a smooth (or curvilinear) trajectory carried out by the robot during the slalom task between the landmarks. This uniformly smoothed pattern is a typical example of a condition in which the camera visually anticipates the platform displacement.](fpsyg-03-00239-g005){#F5}

Results
=======

The first analysis of the movement's kinematics is about the jerk in the control of the robot's trajectories. One way to quantify the path's smoothness is to calculate the instantaneous radius of curvature of each trajectory, then to evaluate the distribution frequency of the radius for all trials (Péruch and Mestre, [@B38]). More specifically, the curve radius (*r*) is computed from the instantaneous linear velocity (*v*) divided by the instantaneous rotation speed (*w*), according to the following equation:
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Afterward, the curve radius is converted into a decimal logarithm. Thus, if the robot has a low linear velocity and a high rotation speed, the curve radius will be very small (\<1), and will get smaller as the rotation speed increases. The logarithmic value of *r* will be consequently negative. Conversely, if the robot combines a translation and a rotation (curvilinear trajectory), the radius of curvature will be high (≥1) and its logarithm will be superior or equal to zero. A trajectory in which the participant stops and makes a single rotation gives a bimodal distribution of the curve radii, with one spike centered on negative values of the logarithm and another spike centered on positive or null values. On the contrary, a smooth (or curvilinear) trajectory will be identified by a unimodal pattern of distribution centered on a value higher or equal to zero of the logarithm of the curve radius. For each trajectory, the distribution of the logarithm of the curve radii is computed and distributed in 15 categories. These categories represent contained values between −4 and −3.5, −3.5 and −3, −3 and −2.5, ..., 2.5 and 3, i.e., according to a constant scale of ranges that allows us to analyze the results from an ANOVA test. Finally, the distributions are normalized, with the occurrences of curve radii in each category being expressed as a percentage of the total number of occurrences for each trajectory.

The results indicate a significant effect of interaction between the visuo-motor conditions and the category factor \[*F*(28; 252) = 21.28; *p* \< 0.00001\]. Figure [6](#F6){ref-type="fig"} shows that the percentage of occurrences of small and large curve radii is different according to the experimental condition. The largest spike, corresponding to the curvilinear trajectories, is significantly higher in the conditions of visual anticipation than in the condition without anticipation \[*F*(2; 18) = 28.61; *p* \< 0.00001\]. Conversely, the smallest spike, corresponding to the single rotations, is statistically lower in the conditions of anticipation than in the control condition \[*F*(2; 18) = 13.35; *p* \< 0.0003\]. Comparing the two models of visual anticipation over the locomotion, an effect of interaction between the category factor and the visuo-motor condition is also present \[*F*(14; 168) = 19.88; *p* \< 0.00001\]. The distribution of large and small radii of curvatures is not the same whether the subjects use a "non-human" or "human-like" implemented model. Thus, the largest spike is significantly higher in the "human-like" than in the "non-human" condition \[*F*(1; 12) = 21.10; *p* \< 0.0006\], whereas the single rotations are statistically more numerous in the "non-human" than in the "human-like" condition \[*F*(1; 12) = 5.63; *p* \< 0.04\]. The differences between the path patterns are evident if we visually compare two typical exemplars of the recorded robot's trajectories following the experimental condition (Figure [5](#F5){ref-type="fig"}).

![**The average distribution of (logarithms of) curve radii, expressed as a percentage of the total number of occurrences, following the three experimental conditions of anticipation**. The percentage of occurrences of the smallest spike of curve radius (around −2) is significantly lower (*p* \< 0.04) while the largest spike of curve radius (around 0) is significantly higher (*p* \< 0.0006) in the "human-like" mode of control, as compared with the two other robot modes of control.](fpsyg-03-00239-g006){#F6}

The analysis of the previous parameter shows that when the robot exhibits a visuo-motor coupling strictly identical to the natural human scheme, the participant maximizes the trajectory's smoothness of the remotely controlled artifact. This tendency to minimize the jerk is a feature that the human being generalizes to the majority of his/her member movements, certainly in order to optimize cost functions (Viviani and Flash, [@B56]; Todorov and Jordan, [@B52]; Berret et al., [@B1]). It seems that this optimization is not only limited to the geometrical characteristics of the trajectory but is also implicated in the relationship between the geometry (curve radii) and the kinematic (linear speed) of the movement. Thus, with the aim of analyzing the instantaneous locomotor behavior through the robot, the tangential velocity for each radius of curvature of the various trajectories was computed. After a logarithmic transformation, the correlation coefficient as well as the slope of the regression line between these two values was analyzed statistically. Then, the curve radii and tangential velocities were standardized for each test and represented according to the experimental condition (Figure [7](#F7){ref-type="fig"}). To deduce that the teleoperated condition follows the "2/3 Power Law," the correlation analysis between curve radii and tangential speeds must exhibit a linear relationship with a coefficient of 1/3, if the two variables are plotted according to a logarithmic scale. Otherwise, the behavior cannot be considered as respecting this biological law.

![**Logarithmic and standardized representations of the relationship between curve radii and tangential velocities for the unit of the tests in (A) the "control condition," (B) the "non-human model" of anticipation, and (C) the "human-like model" of anticipation**.](fpsyg-03-00239-g007){#F7}

The results show that the "control condition" and the "non-human model" of anticipation do not exhibit a significant correlation between the tangential speeds and the curve radii (*R* = 0.13; NS, for the "control condition" and *R* = 0.16; NS, for the "non-human condition"). Moreover, if we plot the most representative regression line of the radii/velocities logarithmic relationship, we notice that the coefficient is far from the expected ratio of 1/3 (*t* = 29.86; *p* \< 0.0001 for DOF = 6, in the "control condition" and *t* = 7.02; *p* \< 0.0004 for DOF = 6, in the "non-human condition"), showing that it is near of a value of zero (Figures [7](#F7){ref-type="fig"}A,B). On the contrary, when the subject controls a robot endowed with a "human-like" visual anticipation over the locomotion, the tangential velocities of the displacement and curve radii are significantly correlated (*R* = 0.76; *p* \< 0.001). Figure [7](#F7){ref-type="fig"}C shows a proportional increase of velocity as the radius gets higher. What is most remarkable is that the regression coefficient of the dot pattern is not statistically different from the "Power Law" ratio of 1/3, for the unit of the trials in this condition (*t* = 0.12; NS for DOF = 6).

To complement the results, an evaluation of the percentage of occurrence of collision was also carried out. The statistical analysis shows that the number of collisions is significantly different between the three conditions \[*F*(2; 18) = 4.10; *p* \< 0.03\]. However, a pairwise comparison does not demonstrate a significant difference between the collision occurrences in the "control condition" vs. the "non-human model" \[*F*(1; 12) = 4.32; NS\]. Whereas the pairwise comparison between the "control condition" and the "human-like model" points out that the human-like visuo-motor anticipation allows a safer control of the robot, since less collisions occur in this case \[*F*(1; 12) = 9.82; *p* \< 0.01\]. This performance is confirmed by the participants' subjective perception. The subjects that drive under the "control condition" report a discomfort mainly related to the fact they have a "restricted and too rigid visual field." In the "non-human condition" the main complaint is about the sensation that "the robot does not seem to be completely under the control of the user." On the contrary, the "human-like condition" is reported to be "pretty natural" and some individuals even describe this situation in terms of telepresence such as a "distal attribution of themselves" (Loomis, [@B32]).

Discussion
==========

This study investigated the consequences of the visuo-locomotor coupling on the prediction of the unfolding steering trajectory. The results show that only a visuo-locomotor coupling temporally organized from the visual sensor to the locomotor organs, allows a remote controlled robot to perform (i) regularly smoothed trajectories and (ii) movement kinematics similar to the ones of the human being. The explanation for the advantage of the head-feet coupling, regarding the opposite coupling, seems to be related to the function of a stabilized referential frame exercised by this segment that supports the visual information. When we walk, the head's rotation is stabilized around positions that are determined by the direction of the gaze. Consequently, for the brain, the head constitutes a referential platform from which the movements are coordinated (Pozzo et al., [@B39]). In the case of the "human-like model," the individual has the possibility to apply a direct control on the orientation of the visual organ. Thus, it is relatively easy for him/her to stabilize the visual referential toward the intended direction, in order to follow up the changes of direction with the minimum jerk. On the contrary, in the "non-human model," because the camera is not directly controlled, the visual initialization of the displacement cannot be stabilized by the individual, which could explain the discoordination of the ongoing movement. The consequence of this disorder is a sharp pattern of the robot's displacement. The differences of behavioral performances between the two main experimental conditions are confirmed by the driving accuracy and the subjective feeling of telepresence, which is only reported in the "human-like condition."

Thus, the main purpose of anticipatory head-orienting strategies is to provide a change of the reference frame by acquiring, in advance, information about the environment in the new direction of heading. From this assumption, we can understand why a visuo-locomotor coupling initiated at the level of the head will provide better predictive information about the unfolding movement parameterization than the converse coupling. Furthermore, according to Viviani and Flash ([@B56]), the proportional relationship between velocity and curvature, described by the "2/3 Power Law," implies a movement prediction. More precisely, these authors underline that the estimation of the trajectory geometry must be accessible to the motor control system as a part of the internal representation of the predicted movement's intention. These prediction requirements may explain why only the "human-like model" of anticipation allows the subjects to perform a movement kinematics that respects the "2/3 Power Law."

This main feature of the temporal organization of the cephalo-pelvic coordination is supported by works carried out on the locomotion guidance during blind walking (Grasso et al., [@B14], [@B15]). These studies show that the head's anticipation regarding the rest of the body is still present in the darkness. It suggests that the anticipatory movement would be embedded in the motor patterns for curvilinear locomotion and it would not be interpretable on the basis of a unique bottom-up model of simple perception of the optical flow. Thus, this head-body synergy seems indissociable from a general internal model of the action organization (Prévost et al., [@B41]). It may explain the fact that a transformation of the visuo-locomotor coupling alters the steering kinematics. In addition, because the teleoperated situation of the participants prevents any proprioceptive and vestibular feedback, a trajectory prediction based on an efferent copy of the motor program constitutes the most plausible forward model to interpret the experimental results (Schubotz, [@B48]).

To summarize, the anticipatory orientation would allow the achievement of a stable frame of reference in time to effectively program and execute an action. This is fundamental because a new direction in locomotion needs to be programmed one step ahead in order to overcome the delays due to biomechanical inertia (Patla et al., [@B37]). This principle also seems involved in the motor control mediated by an artifact, which means this coordination is representative of a general scheme of the action organization. This is confirmed by the replication of the "2/3 Power Law" through a robot with quite different mechanics in relation to the human being, which brings an interpretation of this law not in terms of peripheral biomechanics factors (Wann et al., [@B59]; Gribble and Ostry, [@B16]), but as issued from a internal model of the movement planning (Lacquaniti et al., [@B26]; Massey et al., [@B35]). The overall deductions suggest that the "2/3 Power Law" and the visuo-locomotor anticipation are both conditioned by the same internal model of the organization of the movement. The proof is that a perturbation of the temporal organization between the cephalic and the locomotor segments destroys the natural proportionality that exists between the velocity and the geometry of the human movement. Also, the fact that a smooth path and a "2/3 Power Law" are only observed when the visuo-locomotor coupling is implemented according to the human-like behavior is consistent with the theory of an anticipatory construction of the trajectory's internal model. This mental representation used by the brain as a forward prediction of the path formation seems conditioned by the motor program.

The effect of the visuo-locomotor scheme on the quality of predictive coding of the displacement trajectory, demonstrated in this study, is supported by works that stress the influence of motor competencies on the perception and prediction of the perceived action (Bosbach and Prinz, [@B3], for reviews). For instance, when observers have to judge the most uniform motion along an elliptical path, they select the movements that follows the "2/3 Power Law," showing that the motion perception is mostly constrained by the motor properties (Viviani and Stucchi, [@B58]). Knowledge of the kinematic laws underlying human movement also seems to inform visual anticipation of the unfolding course of a moving object (Flach et al., [@B11]; Pozzo et al., [@B40]). Estimations of the final position of a moving object are more accurate when the movement follows a biological velocity profile rather than a non-biological one. A recent study shows that the famous "Fitts' Law," which refers to the relationship between speed and accuracy in produced movements, also holds for action perception (Grosjean et al., [@B17]). In the same way, works on the perception of biological motion highlight that the biomechanical compatibility of the perceived movement influences the discrimination of motion parameters such as the velocity (Jacobs et al., [@B21]) or the trajectory geometry (Shiffrar and Freyd, [@B50]). In the present experiment, the reversion of the visuo-locomotor coupling also consists in a biomechanical alteration of the movement that would distort the perceptual prediction of the steering trajectory, according to the same theory of matching between the participant's motor knowledge and the ongoing behavior of the robot.

In conclusion, the present findings are in line with previous evidence showing that the motor program of the human body can be mapped isomorphically onto external information about another body, by generating top-down expectations and predictions on its deployment in time (Wilson and Knoblich, [@B60]; Urgesi et al., [@B53]; Springer et al., [@B51]). Mirror neurons, and more specifically the *action observation network* (AON), seem to be involved in this process (Rizzolatti and Sinigaglia, [@B43]). In fact, several neuroimaging studies have shown that the activation of the mirror neuron system areas is modulated by the observer's motor experience (Calvo-Merino et al., [@B4], [@B5]; Cross et al., [@B9], [@B10]). According to predictive coding, the optimal state is a minimal prediction error at all levels of the AON, which is achieved when the observed actions match predicted actions (based on prior visuo-motor experience) as closely as possible (Neal and Kilner, [@B36]; Schippers and Keysers, [@B47]). This it may explain why the unfamiliar observed coupling between camera and platform results in greater prediction error, while the familiar observed motor scheme would generate a more efficient predictive steering.

Future works on the predictive coding of the steering trajectory will address the question of what happens if the "human-like model," implemented on the robot, must face more uncertainty. Here, even if the participants completed the experimental path for the very first time, they know what kind of trajectory was expected in each part of the pathway. From an ecological point of view, in order to confirm that the human-like implementation brings a real advantage in terms of anticipatory trajectory planning, this visuo-locomotor coupling should be evaluated when a last-minute change occurs. For instance, the robot could suddenly negotiate a complex ground terrain or face an unexpected obstacle on the road. Such unpredictable events would enable to test the plasticity of our model, regarding the predicted trajectory and motor plan in order to be rapidly modified. When walking on a complex ground surface the fixations of the gaze are directed to regions that the individuals will eventually step onto (Marigold and Patla, [@B34]). This suggests that task requirements dictate where to fixate and that the following visual guidance of locomotion is achieved according to the "I go where I look" strategy. This tight coupling between fixations and task-relevant surfaces also infers that top-down processes are initiated to detect unexpected events such as potential collisions (Jovancevic et al., [@B23]). For this to be effective, human beings must execute an appropriate visuo-motor scheme that enhances a proactive behavior to tackle the environmental uncertainty. These arguments, which are consistent with the results of the present study, allow the expectation that the efficiency of "human-like model" could be preserved even in the presence of unpredictable situations.
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